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Abstract
This study is concerned with performance parameters while pushing and pulling a trolley to evaluate the characteristics of 
human-robot collaborations. To rescind the linkage between estimated weight and exerted force the trolley is laden with three 
different weights and three different object sizes. The participants had to maneuver the trolley on a given path, similar to a real 
production scenario in automotive assembly lines. Twenty-two subjects participated (13 men, 9 women) and were recorded by a 
VICON motion tracking system. The applied forces were measured independently on each handle in three coordinates via a 
Kistler hand force measuring system. The subjective impressions were acquired through surveys. The acquired results in this 
study are divided in maximum thrust force and applied force in the first 150ms, 300ms, and 1000ms. The first refers to different 
handle angles. The last relate to the mentioned size-weight illusion.
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1. Introduction
1.1. A possible definition for Human-Robot Collaboration
Human-Robot Interaction (HRI) can be seen as an umbrella term, divided in subcategories with different 
characteristics. Starting with a common workspace for both entities and working at the same time the HRI can be 
identified as a Human-Robot Coexistence (HRCoex) [1]. Humans and robots do not necessarily have to have the 
same goal in HRCoex, they can operate on very different tasks. In contrast to that, humans and robots are working 
on the very same goal in a Human-Robot Cooperation (HRCoop) and fulfill the requirements of time and space. 
When a direct (haptic, visual, or auditory) contact respective of interplay between human and robot occurs, the 
interaction can be labelled as Human-Robot Collaboration (HRCollab). Cobots, collaborative robots [2] match this 
category of HRCollab and represent a class of handling systems which combines the characteristics of handheld 
assist devices and industrial robots. They are most commonly used in the automotive assembly area for handling 
heavy, bulky payloads. By supporting the human worker via force amplification and inertia masking, in terms of 
pushing and pulling activities, they serve as the basic research focus of this study.
1.2. Innovation drivers for Human-Robot Collaboration
Three main innovation drivers cause a rethinking in novel production systems. Society can be seen as the first 
major motivator. Demographic changes and an increasing awareness of a diverse workforces unveil a certain call for 
action. It turns out, because of decreasing physical abilities and high stress jobs [3], classic ergonomic solutions are 
no longer sufficient. 
The second main driver is represented by the industry. Decisive trends like mass customization [4, 5] and the 
continuing trend of mechanization and automation [6] seem to be irreconcilable. Whereas Lotter and Wiendahl [7]
propose a hybrid system, where humans interact with automated systems (e.g. robots) to gain the expected flexibility 
and productivity at a high number of variants and decreasing lot sizes. 
Last but not least laws and standards like the DIN EN ISO 10218-2 [8] enable and promote a closer interaction 
between humans and robots.
1.3. Performance parameters to influence Human-Robot Collaboration
Measuring quality and performance of HRCollab is essential to enable an optimum interaction between humans
and robots. The HRCollab-Performance-Measuring Model (HPMM, figure 1) provides one possible approach to 
evaluate the direct physical collaboration in terms of new cobotic systems. Beginning with interaction parameters, 
bilateral forces between humans and robots (action force F, feedback force, and force rates dF) as an input variable 
to HRCollab are of interest. From a human factor perspective, acceptable forces [9] are crucial at first glance. But 
collaborating on high levels will require more than that. To understand the operators needs and intentions it is 
important to identify, analyze, and interpret human motion characteristics. Motion parameters like,velocity v, 
acceleration a, and jolt j can indicate the quality of a haptic interaction [10] and is still in need for further 
investigation. To examine the quality of longitudinal control, one proposal is to look at variances. The Standard 
Deviation of Velocity (SDv), Acceleration (SDa), and Jolt (SDj) could give insight in the cooperation quantity and 
quality of the movement process. A transparent behavior and intuitive operation, while interacting with a cobot 
requires knowledge about, how human motion characteristics can look like and how they can be implemented to 
provide an intuitive, nearly natural, haptic experience [11]. As the title of this study proclaims performance can not 
only be characterized by how fast an interaction occurs but also how accurate it is executed. Because of this,
accuracy parameters form the counterpart to the aforementioned motion parameters. They consist of track quality 
(Standard Deviation of Lateral Position, SDLP and Mean Lateral Position, MLP) and steering quality (Standard 
Deviation of Steering Angle, SDST and Steering Amplitude, SA) and form the quality of transversal control [12, 
13]. Considering these parameters the effectiveness of the handling process itself can be measured in terms of 
interaction, movement, and accuracy. By putting these parameters into relation with the Time to Completion (t) and 
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Degree of Fulfillment (DF) the efficiency of the process can be evaluated. Like usability is recorded in the DIN EN 
ISO 9241-11 [14] it also depends on a subjective measure of the user called user satisfaction. To consider the fact 
subjective scales like the PANAS – Positive and Negative Affects Schedule (in his international and short form 
called I-PANAS-SF [15]) and Affect Grid [16] are provided in the HPMM. User satisfaction does not necessarily 
follow the efficiency measurement, but in terms of prioritization, it should be outlined as one prime user feedback. 
After the mentioned aspects are gathered the designer of new systems can use the measured performance to
specifically influence Human-Machine Interface (HMI) aspects of the HRCollab, like forces, acceleration behavior, 
and quality of control, stiffness, and dampening of the system. By looping this knowledge back to novel HRCollab 
applications like cobots, more profound insights of how a comprehensive collaboration can look like are provided. 
This way it can be possible to measure and as a consequence create an intuitive, kinesthetic collaboration in pushing 
and pulling tasks.
2. Method 
2.1. Size-Weight Illusion effect – motivation and hypotheses
The size-weight illusion (SWI) describes the effect of how lifting a small object is perceived to be heavier than a
larger object of the same weight [17, 18]. One problem, or in other words, attention should be paid to the fact that 
the SWI may occur, while interacting with novel handling assistance devices. Think of a case in automotive 
assembly where collaborating robots will be used to handle and mount small awkward rear windows, but also very 
huge and heavy parts like engine blocks or even an entire car. With force amplification it will be possible to 
manipulate the entire range of the aforementioned objects, but two crucial question arise: How much power does 
who, when, and to which extent want to apply and how adaptive should this interplay between action and reaction 
be implemented? This occupies also the question of function and dominance allocation – who adjusts to whom, and 
when does this happen?
By investigating the interaction of a human operator and a non-powered trolley a knowledge driven database
should be created to develop novel HRCollabs. This study concentrates on the interaction parameters mentioned in 
the HPMM (figure 1). Especially the acting force, divided in maximum thrust force in relation to handle angle and 
force in the first 150ms, 300ms, and 1000ms of each trial, have been investigated. The following two hypotheses 
should serve as road signs for the study.
Does the handle angle, used as haptic Human-Machine Interface (HMI), influence the operator’s handling 
performance, or in other words, applied range of force to handle the trolley and payload? Hence the first hypothesis 
reads as follows:
H1: The maximum applicable thrust force depends on the handle angle of the HMI.
Fig. 1. HRCollab-Performance-Measuring Model (HPMM). Interaction parameters: F – acting force, force feedback; dF – force rate. Motion 
parameters (quality of longitudinal control): SDv – Standard Deviation of Velocity; SDa – Standard Deviation of Acceleration; SDj – Standard 
Deviation of Jolt. Accuracy parameters (quality of transversal contral): Track quality: SDLP – Standard Deviation of Lateral Position; MLP –
Mean Lateral Position. Steering quality: SDST – Standard Deviation of Steering Angle; SA – Steering Amplitude. Efficiency parameters: t –Time 
to Completion; DF – Degree of Fulfillment. User Satisfaction: Subjective scales: PANAS – Positive and Negative Affect Schedule; Affect Grid
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Fig. 2. (left) trolley with three different object sizes and three different hidden weights; (right) three different handle angles 0°, 45°, and 90° and 
the handling path starting at 1 and ending at 2.
The second main question is, if the already shown mismatch between expected and experienced weight of the 
object [10], induces variances in the interaction parameters while pushing and pulling a trolley in the first 150, 300, 
and 1000ms? Hence the second hypothesis reads as follows:
H2: The size-weight illusion has a significant influence on the applied forces within the very first moments of 
movement.
2.2. Experimental design
The study was conducted in a room for experiments at the Institute of Ergonomics and designed as a within-
subject experiment. The 22 participants had to push and pull a four wheeled trolley on a given path, similar to a real 
production scenario at automotive assembly lines (figure 2, right). Three different visual object sizes (small –
medium – large) and three additional loads (0kg – 30 kg – 60 kg) should induce the size-weight illusion effect. Via a 
marker based motion tracking system (Vicon) and a manual force measuring system (Kistler) the location of the 
dependent variables (respectively velocity v, acceleration a, and jolt j) as well as applied forces were recorded. The 
subjective impressions were documented with questionnaires.
2.3. Procedure
The experimental session was divided in four stages. In preparation phase all participants were asked to state 
their personal data like gender, age, and physical fitness. The later one refers to the number of days per week in 
which the individual actively performs sports (gym, swimming, etc.). Anthropometric data was gathered and each 
participant was primed with general questions and pictures of a panoramic sunroof in an automobile assembly 
context to simulate the desired situation. In the expectations phase the participants had to push and pull the trolley in 
three different ways. These three ways differed in the payload handled (0, 20, 60 kg) and three object sizes (1 –
small, 2 – medium, 3 – large). The trials were randomized so every participant started with the 20 kg-medium 
condition and followed either 60 kg–small (group 1) or 0 kg-large (group 2) and the left third condition. The 
following handle orientation phase was divided in nine trials depending on handle orientation (0°, 45°, and 90° 
angle) and the three weights mentioned above. To qualify the observed forces, the maximum force of each 
participant was measured in the last phase, called maximum force measurement.
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2.4. Sample
Twenty-two healthy participants attended this study (13 men, 9 women). The participants were between 21 and 
32 years of age (SD = 2.6). No subject reported to suffer from any motoric impairment. 16 participants indicated to 
do sports on a regular basis (M = 3.07 days / week), thereof 11 endurance and 5 weight training. Table 1 depicts the 
anthropometric measurements of the subjects interrelating to percentage scores provided by SizeGermany data [19].
All participant data was distributed normally. (Kolmogorov-Smirnov-test value = ns.).
Table 1. Anthropometrics of the sample related to percentile values of SizeGermany data [19].
M SD relation to SizeGermany
body weight 74.80 kg 14.44 kg 3p woman 98p man
body height 176.25 cm 7.85 cm 51p woman 95p man
handle height 109.45 cm 5.52 cm 47p woman 98p man
handle distance 37.27 cm 3.55 cm 5p woman 95p man
2.5. Measures
2.5.1. The trolley, the additional weights, and the object sizes
The trolley used in the study is comparable to a serving cart for common use, like commissioning and was 
modified shown in figure 2. The three different additional weights loaded were placed invisible for the participant, 
at the lower of two platforms on the trolley. The trolley, the visual protection (cardboard covered the whole space 
below the upper platform), and the aluminum profiles for anthropometric adaption of handle height and distance, 
were blackened. The whole trolley set-up without the additional load weighed 37.8kg. The experimental room’s 
floor was made of PVC so maneuvering the cart was smooth and without any impediment.
2.5.2. Kistler Hand Force Measuring System
The Hand Force Measuring System for Ergonomics, Biomechanics and Occupational Health & Safety (Type 
9809A) from Kistler was attached to the trolley (figure 2). It records the three orthogonal force components with a 
piezoelectric multicomponent system at 50 Hz. The system logs forces related to a Cartesian coordination system 
defined at the trolley’s front left wheel.
2.5.3. Subjective rating
To measure the subjective expected as well as the experienced strain a self-designed questionnaire was provided. 
The participants were asked to rank their opinion in a scale from no strain (1) till very high strain (5).
3. Results
3.1. Statistical analysis
One-way repeated measures ANOVA were conducted for statistical analysis. The degrees of freedom were 
corrected using the Greenhouse-Geisser correction, if the criterion of sphericity was violated. The significance level 
was set to Į .05. Error bars depict the 95% confidence interval. 
3.2. Handle angles – Maximum thrust force
For evaluating the usage of maximum thrust as a performance parameter, the independent variable of three 
different handle angles was used. Table 2 lists descriptive values for the maximum force measurements for each 
angle condition in average, standard deviation, maximum, and the ratio of maximum to data of the assembly specific 
force atlas [20].
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Table 2. Maximum thrust; related to percentile values of the assembly specific force atlas data [20].
angle M SD MAX relation to the assembly specific force atlas (max)
0° 308.7 118.8 570.7 70p
45° 354.1 125.3 643.8 87p
90° 417.4 160.0 852.1 98p
Fig. 3. (left) maximum thrust force isometric; (right) subjective impression during pushing / pulling the trolley with 60kg loading.
Figure 3 illustrates the arithmetically averaged maximum thrust for the three handle angles 0°, 45°, and 90°. 
0DXFKO\¶VWHVWLQGLFDWHGWKDWWKHDVVXPSWLRQRIVSKHULFLW\KDGEHHQPHWȤð 5, p = .508. The results show,
there was a significant effect on the handle angle by PD[LPXPDSSOLHGWKUXVW) SȘp2 = .522. 
These results suggest, the more upright the handles are the more thrust is applicable. Post-hoc comparisons using 
Bonferroni indicated that all applied forces were significantly different from each other (p < .05, figure 3). 
Nevertheless the collected subjective data shown in figure 3 indicates no significant differences in average
statements made for 0° (M = 4.15, SD = .93), 45° (M = 3.75, SD = 1.00), and 90° (M = 3.90, SD = .79) relating to 
the handle orientation. Mauchly’s test indicated, the assumption of sphericity had been metȤð S 
As suggested no significant effect of handle angle on subjective impression of strain could be proven F(2, 38) = 
S Șp2 = .123.
So the initial hypotheses H1 can be accepted. The maximum applicable thrust depends on the handle angle of the 
HMI. In addition to that the post hoc comparison revealed that the upright condition (90° angle) can be labeled as 
the force optimum for straight pushing and pulling. However this effect could not be proven for the participants’ 
subjective impressions under high load condition. This may be the case because the isometric maximum thrust 
measurement only includes initial force peaks and does not consider sustained forces and asymmetric or lateral 
movements.
3.3. Forces in the first 150ms, 300ms, and 1000ms
The next part of this study focusses on forces in the initial period of moving the trolley to evaluate performance
issues caused by the size-weight illusion. Figure 4 depicts the maximum and median forces applied in the first 150, 
300, and 1000ms of moving the trolley. The mentioned time spans were chosen after reviewing literature about 
speed-accuracy trade-offs [21] and reaction times [22]. The first time period, (150ms) will be named first reaction 
time (1stRT). The second period (300ms) constitutes the second reaction time (2ndRT), the length of reaction after 
the first 150ms. The threshold for defining the starting point of motion was set to 1 N. For evaluating the applied
forces the two descriptive statistic values, maximum and medium were chosen. The maximum should give insights 
into the appearing force peaks. The medium one was selected to use the advantage that this value is insensitive to 
the outlying,
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Table 3. One-way ANOVA divided in maximum / median and the three time periods 150, 300, and 1000ms.
150ms 300ms 1000ms
max F(2, 42) = 9.821SȘp 2 = .319 F(2, 42) = 29.992SȘp 2 = .588 F(2, 42) = 70.740SȘp 2 = .771
med F(2, 42) = 10.314SȘp 2 = .329 F(2, 42) = 24.366SȘp 2 = .537 F(2, 42) = 134.904SȘp2 = .865
Fig. 4. (left) maximum applied force in the first 150, 300, and 1000ms; (right) median applied force in the first 150, 300, and 1000ms. Notation: 
8f – 150ms, 16f – 300ms, 50f – 1000ms; 1 – small, 2 – middle, 3 – large object
Mauchly’s test indicated the assumption of sphericity had been met in any situation. The results show there was a 
significant effect of the size-weight mismatch for the applied forces in any time period. Table 3 lists the F, p, and 
Șp2 for each time period and the descriptive value mentioned. Post-hoc comparisons using Bonferroni indicated the 
conditions at 0kg-large object (max_8f_0kg_3: M = 61.64N, SD = 39.71N; med_8f_0kg_3: M = 61.65N, SD = 
38.29N) and 60kg-small object (max_8f_60kg_1: M = 72.68N, SD = 49.86N; med_8f_60kg_1: M = 76.60N, SD = 
50.45N) were significantly higher than the priming condition 20kg-medium object (max_8f_20kg_2: M = 33.48N, 
SD = 35,88N; med_8f_20kg_2: M = 35.16N, SD = 36.51N) in the 1stRT (p-values in figure 4). If the equivalence 
margin is set to the SD-value of average difference of max_8f_0kg_3 and max_8f_60kg_1 condition (M = -11.03N, 
SD = 32.19N) the 95% confidence interval (-22.85, .78) is included and the two values can be declared as 
equivalent. The same applies to the median within the 1sRT. The 95% confidence interval (-27.63, -2.27) is included 
within the defined equivalence margin of the SD-value (M = -14.95N, SD = 34.56N) which implies that the two 
values for med_8f_0kg_3 and med_8f_60kg_1 can be declared as equivalent.
It seems like the participants moved the trolley more hesitantly when they weren’t aware of the real weight of the 
trolley. In the first 150ms there was no significant difference between the 0kg_large and 60kg_small condition. 
Equivalence testing showed, there is no difference between the force values within the margin of the particular 
standard deviation. This may lead to the assumption that the size-weight illusion affects, the applied forces within 
1stRT (150ms) and 2ndRT (300ms) in the second and third trial after a previous priming condition. Since a 
significant effect for each condition was proven the H2 can be accepted. 
4. Conclusion
In this study, we examined parts of the first section of the HPMM called interaction parameters. Especially two 
characteristic force values were investigated. The maximum thrust should provide a database for handle-design of 
future cobotic systems in terms of pushing and pulling tasks. The results show, the considered sample could apply 
significant higher thrust forces, the more upright the handles were oriented. Nevertheless the subjective data could 
not proof any differences in subjectively felt strain, related to handle orientation. But still maximum force 
measurements can be very useful to design future collaborating systems for example to pre-calibrate systems to 
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individual preferences via a tutorial at the beginning of usage. So further investigation has to be done on how 
individual maximum ranges of force are useful to construe novel kinesthetic collaborating systems.
The second parameter, analyzing maximum and median forces at the beginning of movement, indicated that the 
size-weight illusion affects the applied forces within the first 150ms and 300ms. This leads to the assumption that if 
future collaborating robots are amplifying human strength, it has to be taken into account that the handled object, in 
its size and expected weight, can have significant influence on the quality of the interaction. 
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